Cellulose-binding protein A (CbpA), a component of the cellulase complex of Clostridium celulovorans, contains a unique sequence which has been demonstrated to be a cellulose-binding domain (CBD). The DNA coding for this putative CBD was subcloned into pET-8c, an Escherichia coli expression vector. The protein produced under the direction of the recombinant plasmid, pET-CBD, had a high affinity for crystalline cellulose. Affinity-purified CBD protein was used in equilibrium binding experiments to characterize the interaction of the protein with various polysaccharides. It was found that the binding capacity of highly crystalline cellulose samples (e.g., cotton) was greater than that of samples of low crystallinity (e.g., fibrous cellulose). At saturating CBD concentration, about 6.4 ,umol of protein was bound by 1 g of cotton. Under the same conditions, fibrous cellulose bound only 0.2 gmol of CBD per g. The measured dissociation constant was in the 1 FM range for all cellulose samples. The results suggest that the CBD binds specifically to crystalline cellulose. Chitin, which has a crystal structure similar to that of cellulose, also was bound by the CBD. The presence of high levels of cellobiose or carboxymethyl cellulose in the assay mixture had no effect on the binding of CBD protein to crystalline cellulose. This result suggests that the CBD recognition site is larger than a simple cellobiose unit or more complex than a repeating celiobiose moiety. This CBD is of particular interest because it is the first CBD from a completely sequenced nonenzymatic protein shown to be an independently functional domain.
0-1,4-glucanases. The closely packed cellulose chains are stabilized by hydrogen bonding to form a tight, regular array which shields many of the glycosidic bonds from enzymatic attack (27) . Nevertheless, some Clostridium species can degrade crystalline cellulose into simple sugars. Several of these strains produce a cellulase enzyme complex (cellulosome) containing a variety of ,B-1,4-glucanases together with proteins with no known enzymatic activity (15, 16, 20) . A previous study (20) has shown that the association of enzyme subunits and nonenzymatic subunits was essential for the degradation of crystalline cellulose, whereas the dissociated enzyme subunits could degrade only noncrystalline substrates.
We have isolated the cellulosome from Clostridium cellulovorans, an organism shown to have cellulolytic activity. This cellulase complex has a rather high specific activity compared with those of other cellulases that have been characterized (20) . The purified nonenzymatic subunit protein had a very strong affinity for crystalline cellulose. Therefore, this protein was designated as the cellulosebinding protein A (CbpA). Recently, we cloned the structural gene encoding this protein (cbpA) and determined its complete nucleotide sequence (21) . The amino acid sequence of CbpA deduced from the nucleotide sequence (1,848 amino acid residues, 189 kDa) revealed the following interesting features: (i) a putative cellulose-binding domain (CBD) (amino acids 27 to 189) which was homologous to several known cellulose-binding sequences (10, 21) , (ii) hydrophilic regions repeated four times, and (iii) hydrophobic regions repeated eight times. It has been shown that the ability to degrade crystalline substrates is correlated with the * Corresponding author.
binding ability of the cellulase (14) . Presumably the CBD mediates the interaction of the nonenzymatic protein, CbpA, with cellulose. The cellulose is then degraded by the cellulosomal enzymatic components, particularly endoglucanases, which are bound to CbpA. In this way CbpA directs the enzymatic components to the crystalline cellulose surface. This paper describes (i) the subcloning of the region encoding the putative CBD from CbpA and (ii) the interaction between crystalline cellulose and CbpA. A previous study (9) had suggested that the surface of the cellulose crystal presented a regular, repeating set of overlapping potential binding sites and that adsorption of a CBD to this surface could not be analyzed by a classical equilibrium partition analysis. However, we have established experimental conditions which minimize nonspecific binding to the assay tubes and to the cellulose, thereby allowing us to analyze the interaction in terms of a reversible, two-component equilibrium binding system (19) . Therefore we were able to determine both the dissociation constant of the cellulose-CBD complex and the binding capacity of the cellulose sample by means of double-reciprocal plots. The substrate specificity of the CBD and the effects of varied pH and soluble carbohydrates on CBD binding to cellulose were also investigated.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli XL1-Blue was obtained from StrataGene, La Jolla, Calif., and was used for all cloning experiments. E. coli BL21 (DE3) and pET-8c were as described previously (23) .
Materials. PC buffer (pH 7) contained 50 mM KH2PO4, 10 mM sodium citrate, and 1 mM NaN3. TEDG buffer (4) contained 10 mM Tris (pH 7), 0.1 mM EDTA, 0.1 mM dithiothreitol, and 5% (vol/vol) glycerol. Although Tris has a low buffer capacity at pH 7, the buffer was suitable because hydrogen ions were neither produced nor used. Restriction endonucleases were from Bethesda Research Laboratories, Bethesda, Md. All other chemicals used were of the highest purity commercially available. Avicel PH101 (lot 1117) was from FMC Corp., Philadelphia, Pa. Absorbent cotton was from the Seamless Rubber Co., New Haven, Conn. Cellulon fiber was from Weyerhaeuser, Tacoma, Wash. Granular chitin from crab shells was a kind gift of Demosthenes Pappagianis. All other binding substrates were purchased from Sigma Chemical Co., St. Louis, Mo. Each of the polysaccharides was washed twice with PC buffer before use. Nigeran was recrystallized by dissolving the solid in hot water, filtering, and cooling on ice. The fiber sizes of the cellulon and cotton were reduced by processing with a Gifford-Wood minimill for 5 min.
Cloning of putative CBD. DNA primers complementary to the regions of cbpA flanking the putative CBD (CbpA residues 28 to 189) were synthesized by a Gene Assembler Plus (Pharmacia). The forward primer contained an NcoI restriction site (recognition sequence, CCATGG) with the ATG in frame with the gene fragment to act as a translational start codon when cloned into the pET-8c vector cloning site. The reverse primer contained a stop codon and a BamHI site. Polymerase chain reaction (PCR) amplification was performed with 20 pmol of each primer, 200 ,uM each deoxynucleoside triphosphate, and 1 ng of cbpA DNA (cloned into vector pGEMEX-1 [Promega] as in reference 21) as a template in a total volume of 100 ,ul. Taq polymerase was obtained from Amersham and was used under buffer conditions recommended by the manufacturer. PCR was carried out for 40 cycles as described previously (11) . The PCR product was purified by phenol-chloroform extraction followed by ethanol precipitation and a wash with 70% ethanol; it was then dried under vacuum and resuspended in 27 ,ul of distilled water. The DNA was then cleaved with NcoI and BamHI and run on a 2.5% low-melting-point agarose (Nuseieve GTG; FMC Corp.) gel in TBE buffer (18) .
DNA bands stained with ethidium bromide were visualized under long-wave UV light and cut from the gel. The vector, plasmid pET-8c, was prepared by cleaving 1 ,ug of pET-8c DNA with NcoI-BamHI and cutting the linearized DNA band from the gel. Vector and insert DNAs were ligated by using 100 ng of vector DNA and 300 ng of insert with a Takara Ligation kit. The ligated plasmids were used to transform competent E. coli XL1-Blue cells, which were then plated on Luria-Bertani (LB) plates (18) containing 100 ,ug of ampicillin per ml and 12.5 ,ug of tetracycline per ml. After overnight incubation at 37°C, colonies were selected and grown in liquid LB medium containing ampicillin and tetracycline. Plasmid DNA from each culture was rescued as described previously (23) and cleaved with restriction enzymes to verify the insertion of the gene fragment. The insert sequence was confirmed by DNA sequencing, using the same procedures as reported previously (21) . Preparation Table 1 . Determination of binding to other polysaccharides. Xylan, nigeran, Sephadex G-75, and chitin were used in assays to determine whether they were substrates for CBD protein. In all cases, the methods used were the same as those used in determining the binding to cellulose. Chitin exhibited a very high background in the MicroBCA assay, which increased proportionally to the incubation time at 60°C, and so the color development time was reduced to 15 min. Because of the high background of chitin, only two widely different protein concentrations were used.
RESULTS
Purification of the CBD for binding analyses. To selectively produce the putative CBD region of CbpA, residues 28 to 189, we designed oligonucleotide primers complementary to bases 67 to 86 and 558 to 579 of cbpA (Fig. 1) . As shown in Fig. 1 , these primers were designed with mismatches to create an NcoI site and an ATG start codon on one end of the PCR product and a TAG stop codon followed by a association (k1) calculated from the integrated rate equation for a reversible Bi Uni reaction (3, 26) is about 2.7 x 104 M-1 min-1 (average value for points from 5 to 60 min). The rate constant for the dissociation of the complex (k-1), calculated as klKd, was 1.6 x 10-2 min-' (t112 = 43 min). The relatively long t112 for complex dissociation permitted the C+PC pellet to be washed once without significant loss of bound CBD. (Resuspension and recentrifugation of the initial pellet were completed in less than 1 min. During this period, less than 3% of the bound CBD would be lost.) It was also observed that after prolonged incubation, the measured [PC] declined, dropping to about 50% of the maximum value after 18 h. This may be caused by gradual denaturation of the protein or by disruption of the cellulose surface by nonhydrolytic processes as described by Din et al. (7) . To reduce artifacts resulting from these effects, we used the shortest incubation time for which equilibration appeared to be "complete." (Any further increase in binding beyond 60 min would be obscured by the experimental error.)
Analysis of the CBD cellulose-binding affinity and binding capacity. Figure 4 shows Binding of the CBD to other polysaccharides. Xylan, Sephadex G-75, nigeran, and chitin were used to explore the binding specificity of the CBD. Of these, only chitin showed measurable binding of the CBD peptide ( Table 1 ). The chitin-CBD Kd and binding capacity were similar to the Avicel-CBD values. 
DISCUSSION
Many cellulases and other hydrolytic enzymes, such as chitinases, have high affinities for their substrates (2, 20) . Much interest has recently focused on identifying individual domains of these enzymes that are responsible for the binding (8) . Several bacterial cellulases take the idea of a binding domain one step further and produce a cellulaserelated protein that is nonenzymatic but mediates the interaction between the endoglucanases and the insoluble substrate (15, 20, 21) . It has previously been shown that the ability of a cellulase to degrade crystalline cellulose is related to the strength of the binding between the cellulase and crystalline cellulose (14) , whereas strong binding is not related to the ability to degrade amorphous cellulose.
Our results show that CbpA contains a domain responsible for cellulose binding and that this domain could function independently from the rest of CbpA. Because the purification protocol involved denaturation and renaturation steps, the fact that the purified protein was functional indicates that the CBD protein sequence was sufficient for proper folding of the protein fragment. Previous attempts to determine the relative binding affinity of cellulases for the surface of cellulose have been made. As reviewed by Klyosov (14) , the basic concept involved determining a partition coefficient (Kp) between the insoluble cellulose and the soluble phase (i.e., moles protein per gram of cellulose/concentration of protein in the aqueous phase), which was typically expressed in units of liters per gram. These partition coefficients were used as a general estimation of the relative binding ability of the cellulase. More recent attempts to derive a more traditional measurement, using an actual affinity constant, Ka, have yielded nonlinear diagnostic plots (9) . The authors suggested that the nonlinearity was a result of mutually hindered binding (negative cooperativity) because the cellulose surface is a two-dimensional array of overlapping potential binding sites.
There The bound CBD concentration was measured directly by the protein assay, and the free CBD concentration was calculated by subtracting the bound CBD concentration from the total CBD concentration, as shown in equation 1. This has the advantage that any CBD molecules adsorbed nonspecifically with low affinity to the cellulose would be removed by the wash step, resulting in data that more accurately reflect the specific, high-affinity interaction between the CBD and the cellulose surface. As shown in Fig.  4 , data gathered by using this type of assay yields (within experimental error) linear diagnostic plots. The validity of the assay is supported by the observation that [PC]m.
increases linearly with the amount of cellulose used, whereas Kd is independent of the amount of cellulose. A qualitative analysis of a CBD of the cellulosome subunit S1 from C. thermocellum YS has been reported (17) . The CBD of C. cellulovorans CbpA has approximately 50% homology with the CBD region reported for C. thennocellum. The CBD region of C. cellulovorans CbpA is unique (21) , whereas the number of CBD regions in C. thennocellum is unknown, since the complete sequence of subunit S1 has not been reported.
